We report a compact and viable source of broadband, high-power, cw, mid-IR radiation based on a singly resonant optical parametric oscillator (SRO) pumped by a wide-bandwidth cw Yb fiber laser centered at 1060 nm. By exploiting the extended phase-matching bandwidth in a 50 mm crystal of MgO:PPLN and a ring SRO cavity, we obtain 5.3 W of broadband idler output for 25.5 W of pump at Ͼ80% depletion, transferring a pump bandwidth of 73.9 cm −1 to an idler spectrum spread across an equal bandwidth centered at 3454 nm. By deploying output coupling of the signal, we generate 11.2 W of total power at 44% extraction efficiency with a pump depletion of Ͼ73% at the maximum available pump power. Measurements of transverse modal power confirm Gaussian distribution of signal and idler beams. © 2009 Optical Society of America OCIS codes: 190.4410, 190.4400, 190.4970, 140.3510. High-power sources of broadband mid-IR radiation are of interest for a variety of applications including quantum optics [1], multicomponent trace gas detection and analysis [2], single-shot spectroscopy of molecules [3] , and speckle-free imaging [4] , and as potential seeds for high-energy ultrafast lasers and amplifiers. The widely established technique for broadband mid-IR generation is parametric downconversion of femtosecond laser sources using second-order nonlinear crystals [5, 6] . By relying on the broad bandwidth (BW) and high intensity of femtosecond pulses, the use of short interaction lengths in nonlinear crystals can permit exploitation of large phase-matching BWs, allowing efficient generation of broadband output under logarithmic gains. In the near-to mid-IR, the use of femtosecond Ti:sapphire lasers and amplifiers in combination with optical parametric generators (OPGs) and amplifiers (OPAs) [5] or optical parametric oscillators (OPOs) [6] has permitted broadband generation for realization of optical frequency combs [7] . In the cw regime, however, the generation of highpower broadband radiation using parametric downconversion is generally difficult. The low pumping intensities necessitate long interaction lengths for nonnegligible gain, thereby limiting the available phase-matching BW for parametric interaction and thus preventing the use of broadband pump radiation. The low nonlinear gains also preclude the use of single-pass OPG/OPA schemes, making the deployment of an OPO in resonant cavities imperative. Therefore, successful operation of cw OPOs has traditionally relied on the deployment of single-mode or narrow-linewidth pump sources together with long nonlinear interaction lengths, consequently resulting in single-frequency or narrowband generation [8] . Given these limitations, the generation of broadband radiation using cw OPOs has, to our knowledge, not been extensively explored previously. Here, we report a cw OPO that can provide broadband radiation in the mid-IR at multiwatt power level with excellent beam quality and in a compact and practical design using a fiber laser pump source. We demonstrate that despite the limitations of low nonlinear gain in the cw regime, by suitably exploiting the extended phasematching BW in MgO-doped periodically poled LiNbO 3 (MgO:PPLN), long interaction lengths can be deployed in the presence of a broadband pump to provide broadband mid-IR output at multiwatt power level and with high extraction efficiency from cw OPOs.
High-power sources of broadband mid-IR radiation are of interest for a variety of applications including quantum optics [1] , multicomponent trace gas detection and analysis [2] , single-shot spectroscopy of molecules [3] , and speckle-free imaging [4] , and as potential seeds for high-energy ultrafast lasers and amplifiers. The widely established technique for broadband mid-IR generation is parametric downconversion of femtosecond laser sources using second-order nonlinear crystals [5, 6] . By relying on the broad bandwidth (BW) and high intensity of femtosecond pulses, the use of short interaction lengths in nonlinear crystals can permit exploitation of large phase-matching BWs, allowing efficient generation of broadband output under logarithmic gains. In the near-to mid-IR, the use of femtosecond Ti:sapphire lasers and amplifiers in combination with optical parametric generators (OPGs) and amplifiers (OPAs) [5] or optical parametric oscillators (OPOs) [6] has permitted broadband generation for realization of optical frequency combs [7] .
In the cw regime, however, the generation of highpower broadband radiation using parametric downconversion is generally difficult. The low pumping intensities necessitate long interaction lengths for nonnegligible gain, thereby limiting the available phase-matching BW for parametric interaction and thus preventing the use of broadband pump radiation. The low nonlinear gains also preclude the use of single-pass OPG/OPA schemes, making the deployment of an OPO in resonant cavities imperative. Therefore, successful operation of cw OPOs has traditionally relied on the deployment of single-mode or narrow-linewidth pump sources together with long nonlinear interaction lengths, consequently resulting in single-frequency or narrowband generation [8] . Given these limitations, the generation of broadband radiation using cw OPOs has, to our knowledge, not been extensively explored previously. Here, we report a cw OPO that can provide broadband radiation in the mid-IR at multiwatt power level with excellent beam quality and in a compact and practical design using a fiber laser pump source. We demonstrate that despite the limitations of low nonlinear gain in the cw regime, by suitably exploiting the extended phasematching BW in MgO-doped periodically poled LiNbO 3 (MgO:PPLN), long interaction lengths can be deployed in the presence of a broadband pump to provide broadband mid-IR output at multiwatt power level and with high extraction efficiency from cw OPOs.
For the generation of broadband output, we deploy a singly resonant oscillator (SRO), with only the signal wave resonant in the optical cavity and a singlepass idler. This is the optimum configuration for delivering the highest output power from cw OPOs [9] . More importantly, in the context of the present work, since the signal frequency in a SRO is constrained to an axial mode of the optical cavity, any frequency spread in the pump will be directly transferred to the nonresonant idler in order to maintain energy conservation, so that the use of the broadband pump can lead to broadband idler output. However, practical generation of broadband output will require the attainment of appreciable gains, which can be achieved only by overcoming the limitations of narrow phasematching BWs imposed by the need for long interaction lengths under cw pumping.
The generation of broadband radiation in an SRO, under conditions of energy conservation, also requires phase matching of individual spectral components of a broadband pump to the corresponding component in the idler spectrum for the resonant single-frequency signal. This condition would be sat-isfied if the phase mismatch
where k p , k s , and k i are propagation constants at pump, signal, and idler, respectively, exhibits a negligible variation with changes in the pump wavelength [5] . The phase mismatch can be further expanded around the central pump wavelength, 0 , as
The first term on the right-hand side of Eq. (2) can be made zero by choosing an appropriate poling period for the grating, ⌳, to achieve quasi-phase matching at 0 [9] . In this situation, the spectral width of the pump (around 0 ) that could contribute to efficient generation of signal and idler, also known as the pump acceptance BW, is limited by the second term, also referred to as the group-velocity mismatch (GVM). Typically, the pump acceptance BW for nearand mid-IR parametric generation in commonly used nonlinear materials is Ͻ10 cm −1 for interaction lengths of l ϳ 1 cm. However, in some crystals, owing to strong interplay between the dispersion properties of interacting waves, the GVM term vanishes in certain spectral regions [5] . Under this condition, the pump acceptance BW ͑⌬ p ͒ is essentially determined by the much smaller third term in Eq. (2), namely,
Moreover, in this case, the pump acceptance BW exhibits a weaker dependence on interaction length ͑⌬ p ϰ l −1/2 ͒ than when the second term in Eq. (2) is finite ͑⌬ p ϰ l −1 ͒. In MgO:PPLN, one can also identify such a condition. Figure 1(a) shows the variation of phase mismatch, ⌬k, in MgO:PPLN with pump wavelength near the technologically important wavelength of 1064 nm. The calculation is performed by directly evaluating ⌬k [Eq. (1)] in terms of pump wavelength for a fixed signal frequency and varying pump and idler at T = 100°C, with all waves polarized along the optical z axis ͑e → ee͒ and propagating along the x axis, using the relevant Sellmeier equations [10] . It is evident that close to a pump wavelength of 1059 nm, MgO:PPLN exhibits negligible variation in ⌬k with wavelength. Also shown in Fig. 1(a) is the corresponding poling period ͑⌳ =2 / ⌬k͒, from which the required grating period for achieving ⌬k = 0 and ‫⌬͑ץ‬k͒ / ‫ץ‬ = 0 is found to be ϳ30 m. Thus, if we choose a 50 mm crystal with ⌳ =30 m at T = 100°C, the parametric gain curve centered at a pump wavelength of 1059 nm, calculated from the variation of ⌬k in Fig. 1(a) , results in a pump acceptance BW (for low pump powers) of 104.3 cm −1 (FWHM), as shown in Fig. 1(b) . This can be further verified by using Eq. (3), from which the pump acceptance BW is calculated to be 103.9 cm −1 (FWHM), consistent with the value of 104.3 cm −1 obtained from the parametric gain curve in Fig. 1(b) , calculated from Eq. (1).
For the implementation of broadband cw SRO, we deploy a cw Yb fiber laser (IPG Photonics, center wavelength ϳ1060 nm) providing broadband radiation ͑⌬ = 73.9 cm −1 ͒ with a maximum power of 28 W in a linearly polarized beam with good spatial quality ͑M 2 Ͻ 1.12͒. The experimental setup is similar to that in our earlier reports [8] except for the use of a broadband pump. The nonlinear crystal is 50 mm MgO: PPLN with a grating period of 30 m at an operating temperature of T = 100± 0.1°C. The crystal is antireflection coated for the pump, signal, and idler. The SRO cavity is a ring, comprising two concave mirrors ͑r = 150 mm͒ and two plane reflectors. All mirrors have high reflectivity ͑ Ͼ 99.95% ͒ across 1.3-2.0 m and high transmission at pump ͑ Ͼ 90% ͒ and idler ͑ Ͼ 85% ͒. The pump is focused to a beam waist of ϳ63 m ͑l / b ϳ 1͒, and the ring cavity provides a signal beam waist of ϳ76 m at 1523 nm in the crystal. The total optical length of the cavity is 941 mm.
In Fig. 2(a) , we show the measured spectrum of the fiber pump laser at the maximum available power relative to the parametric gain curve for the 50 mm MgO:PPLN crystal (T = 100°C, ⌳ =30 m). The laser exhibits a BW of ϳ73.9 cm −1 at a center wavelength of 1060 nm, with a large fraction of the spectrum lying within the pump acceptance BW of the crystal. It is thus to be expected that a substantial portion of the pump spectrum could be utilized for conversion to broadband mid-IR idler output. This is confirmed by the measured spectrum of the depleted pump, shown in Fig. 2(b) , where it can be seen that about ϳ63.5 cm −1 of the input pump BW undergoes discernible depletion in transmission through the SRO cavity. It is to be noted that the resonant signal ͑ s ϳ 1523 nm͒ exhibits a narrow linewidth owing to high finesse of the SRO cavity ͑⌬ ϳ 6 MHz͒. Using the depleted pump spectrum, Fig. 2(b) , and singlefrequency signal, the reconstructed idler spectrum exhibits a BW of ϳ63.7 cm −1 (FWHM) at the central idler wavelength of 3545 nm, as shown in Fig. 2(c) . Figure 3 shows the measured output power in the broadband idler as a function of pump power. We found the threshold for broadband SRO to be ϳ5.8 W; and for a pump power of 25.5 W at the input to the crystal, the SRO generated 5.3 W of broadband mid-IR power at 20.8% extraction efficiency. The pump depletion was 80.6% at the maximum pump power. To maximize the total power extraction and reduce thermal load on the crystal, we also employed partial outcoupling of the resonant signal [11] by replacing one of the SRO plane mirrors with an output coupler (OC) of ϳ3.5% transmission (unoptimized) at s ϳ 1523 nm. From Fig. 3 , it is evident that although the OC-SRO threshold increases to 12.1 W, the maximum total extracted power (signal plus idler) is now 11.2 W (7.2 W signal and 4.0 W idler) for 25.5 W of pump power, representing an extraction efficiency of 44%. Under this condition, the pump depletion was 73.3%.
The far-field energy distribution of the signal and idler beams at the maximum pump power, measured at a distance Ͼ1 m from the OC-SRO output, is shown in the inset of Fig. 3 . We also measured the M 2 factors, resulting in M x 2 ϳ 1.16 and M y 2 ϳ 1.10 for the signal and M x 2 ϳ 1.50 and M y 2 ϳ 1.47 for the idler, confirming the Gaussian nature of the output beams.
In conclusion, we have demonstrated efficient generation of broadband, multiwatt mid-IR radiation from a fiber-pumped cw SRO by exploiting the extended phase matching in MgO:PPLN. Further, our investigations reveal that a 50 mm crystal with ⌳ =29 m, at room temperature ͑T =25°C͒ exhibits a pump acceptance BW of 99.9 cm −1 , centered at 1030 nm, that could result in the generation of broadband idler centered close to 3560 nm. 
